2D conjugated polyphthalocyanines can be obtained as two distinctly different types of material with specific molecular structures and different morphological properties. It was believed that the temperature is the key factor affecting the chemical reaction, but we show that even at the optimal temperature (420°C), the reaction on vapor/solid interface and liquid/solid interface yields different products: while the former is well-polymerized and ordered, the latter is amorphous and cross-linked with the typical conjugation scale of single PC ring. IR spectroscopy is most sensitive tool for identifying the molecular structure, providing the information on polymerization degree, structural uniformity and content of terminal groups. We show that, unlike the ordered PPCs, the cross-linked product can be reproducibly obtained as continuous conductive material.
Introduction
2D conjugated polyphthalocyanines (PPCs) are actively studied as promising materials for next generation batteries [1] , advanced fuel cells [2] , water splitting catalysts [3] , magnetic storage devices [4] , spintronics [5] and other applications. Despite the long study history of PPCs [6, 7] , there is a controversy in the literature regarding the structure and characterization of these materials.
Several groups reported significantly different spectra of the material, produced by different techniques [1, [8] [9] [10] [11] [12] . It has been shown recently that the IR, Raman and UV-vis spectra of PPCs strongly depend on the polymerization degree, and products, obtained in many preceding works, should be assigned to either monomeric polyphthalocyanines or to material of low polymerization degree (oligomers) [13] . A general way to produce PPCs is reaction of pyromellitic tetranitrile with metals or salts at elevated temperature ( fig. 1) , and it was believed that the temperature is the key factor influencing the reaction pathway: the formation of polymer needs >350°C, while at ~200°C only single ring can be formed (octacyano phthalocyanine, OCP) [11, 12, [14] [15] [16] [17] . In the present work, we show that there are other chemical factors strongly affecting the structure and polymerization degree of PPCs. Even at the optimal reaction temperature (~420°C) two distinctly different products can be obtained depending on the chemical set-up. If we use elementary metals (not salts) as a metal source, then the reaction is heterogeneous.
We can perform it in two modes: as a vapor/solid and liquid/solid set-up. PMTN has a melting point of ~266°C, therefore at the typical reaction temperatures it should be in a liquid state. Importantly, when heated in atmosphere, PMTN changes color to blue above 200°C, which indicates the formation of OCP, a first step of the polymerization [14] .
We study the reaction of PMTN with a series of transition metals (Cr, Fe, Co, Ni, Cu) as well as metal-free (H2) and show that the polymerization degree depends on the chemical set-up rather than on the metal.
For a number of microelectronics-related applications, it is desirable to obtain the material in the form of continuous conductive film. This can be difficult, because such conventional processing techniques as spin-coating, sputtering or thermal evaporation cannot be applied to PPCs [9] . We show that morphology and conductivity of PPC films are also influenced by the production method.
IR and Raman spectra
From the IR spectra, we can see significantly different products from the reaction at liquid/solid and at vapor/solid interfaces at the same temperature (at 420°C), fig. 2 . While the spectrum after the liquid/solid regime resembles the broadened spectrum of the monomeric PCs, the product from the vapor/solid reaction shows small number of relatively narrow bands at different positions. It was proved recently with the help of DFT calculations that the 'true' spectrum of wellordered polymer is the latter, while the former is poorly-polymerized (cross-linked) product, the electronic conjugation in which has a characteristic scale of single PC ring. Contrary to intuition, well-polymerized PPCs lack the characteristic spectral features of monomeric phthalocyanines. Moreover, the spectra of the polymers have significantly less bands than those of the monomeric PC. This is the consequence of the fact that while the PC has 57 atoms in the molecule, the translational unit in the polymer has only 33 atoms ( fig. 1 ). In the D4h point group (symmetry of PC molecule and of perfect sheet of 2D polymer), there are total 36 symmetryallowed bands in the IR spectra of monomer as compared to 22 in that of the polymer. Not all of these bands have high intensity, and not all of them fall in the fingerprint region, which makes the IR spectrum of PPC quite simple [13] .
Similarity between the spectra of cross-linked PPCs and monomeric PCs is an evidence of low polymerization degree. Another important feature is high intensity of terminal groups (-C≡N) at ~2220 cm -1 in the spectra of cross-linked material as compared to the ordered one ( fig. 2 ). In terms of structure uniformity, this means a high number of lattice defects in the former. The bandwidths of cross-linked and ordered polymers reflect well this structure difference: the bands of the ordered material are much narrower (characteristic FWHM is about 15 cm-1).
Raman spectra of PPCs are significantly different from those of the monomeric PCs ( fig. 3 ).
This difference results from the electronic structure: the 2D conjugated π-electronic system of PPCs resembles that of patterned graphene; electronic conjugation is likely to create a resonant Raman effect. The cross-liked product shows intermediate spectral pattern between the polymerized one and the monomer. The resonance however is likely to enhance the cross-section of more conjugated structure fragments, therefore the similarity between the conjugated and cross-liked products is more pronounced in Raman spectra then in the IR. DFT calculations confirm that the well-polymerized
PPCs should give several intense close-lying bands in higher fingerprint region [13] . Figs. 2 and 3 shows IR and Raman spectra of H2PPC from liquid/solid and vapor/solid reaction modes as compared to the spectra of the monomeric H2PC. The other studied MePPCs (Me= Cr, Fe, Co, Ni) show analogous spectral patterns in the two set-ups (SI section 1 and 2). In the fingerprint region, the bands in MePC spectra belong to the vibrations of organic skeleton of the molecule, therefore show only minor difference upon changing the central ion [18] . The spectra of CuPPC are reported elsewhere [9, 12] , and they follow the same tendency.
TEM
IR spectra show pronounced difference in molecular structure between ordered and crosslinked materials. The corresponding difference at nanoscale is also observed in TEM images ( fig. 4 ):
the polymerized product shows ordered (crystalline) domains with the typical size of few tens of nm, while the cross-linked product has an amorphous structure. 
Experiment
The vapor/solid synthesis of MePPCs was done according to the previously reported procedure [8, 9] . Briefly, a thin layer (few nm) of metal was deposited on a substrate and placed in a reactor for chemical vapor deposition (CVD). Therein, it was exposed to the PMTN vapor at 420°C for a few hours. As a substrate, KBr plate or silicon wafer was used. We should emphasize that the vapor/solid reaction is selective even for the metal-free PPC, i.e. the polymer grows only on the catalyst, while the reactor walls remain practically clear.
Deposition of few-nm metal films on the substrate was done with electron-beam evaporation system (Leybold L560), the procedure details are described elsewhere [19] . For H2PPC, instead of metal, we used pre-coating with molybdate catalyst. An aqueous solution (1 g/l) of ammonium heptamolybdate (99% mass (NH4)6Mo7O24*4H2O by Reachem) was drop-casted on a KBr substrate (about 0.05 ml per 5x5 mm wafer) and then dried at 150°C.
For the liquid/solid regime, the same CVD set-up was used. The difference was that the sample with a portion of PMTN was wrapped in aluminum foil instead of exposing to the PMTN vapor; the pressure of hydrogen was maintained at ~1atm.
In the synthesis, hydrogen plays several roles: remove oxygen, suppress surface oxides and, in case of liquid/solid regime, to maintain the pressure. Both in our experiments and in the literature [1] , the polymerization products show the ~1780 cm -1 carbonyl band, unless the oxygen is completely excluded from the reactor. 
Conclusions
Temperature was believed to be the key factor controlling the synthesis of 2D
polyphthalocyanines. In this work we showed however that even at the optimal temperature, the reaction can be performed in two different regimes: heterogeneous (vapor/solid interface) and quasihomogeneous (liquid/solid interface). These two modes yield two kinds of polymers: ordered and cross-linked, correspondingly. The two products can be easily distinguished by the IR spectra, in which the cross-linked polymer shows spectral features resembling the monomeric PCs with intense signal from terminal groups (-C≡N), while the ordered one has less number of bands with narrower bandwidth and lower intensity of terminal groups. Raman spectral patterns of PPCs are also significantly different from those of the monomers due to extension of 2D electronic conjugation.
For the well-ordered PPCs, the growth proceeds along crystal facets and/or catalyst particles, which does not always yield conductive films. On the contrary, the cross-linked PPC films are continuous and show well reproducible conductivity. The material has an electric behaviour of low-gap semiconductor.
